Abstract-The specific surface and porous structure of viscose-based carbon fibers produced by the Krasnoyarsk Plant of Chemical Fibers are investigated by low-temperature nitrogen adsorption using an ASAP 2020 device. The dependence of their specific surface and character of the pore-size distribution on gas-phase activation modes in the carbon dioxide stream at a temperature of 900°C is shown. It is established that the adsorption surface of carbon fibers can rise from 0.3 to 1900 m 2 /g during the activation. It is revealed that the prolongation of the activation time leads to an increase in the specific fiber surface owing to the appearance of numerous new micropores and the development of the microporous structure.
INTRODUCTION
Carbon fibers (CFs) are some of the most important and interesting materials, which are used in various branches of industry. This fact is due to their unique complex of physicochemical characteristics.
High sorption capacity and chemical resistance of CFs make it possible to use them in the filtration of aggressive media and purification of gases, in systems of catching harmful emissions and protection of respiratory organs, for the fabrication of protective suits, and for isolation of valuable components from process gases and liquids (complex ions of platinum group metals, gold, and chromium). Modified CFs serve for the fabrication of electrodes, rigid and flexible electric heaters, screens absorbing electromagnetic radiation, and wares for electrical engineering and radio engineering. Currently, CFs are used for the thermal protection of spacecrafts, airplanes, and rockets, for fabrication of their head parts, and as reinforcing elements of composite materials [1, 2] .
Carbon materials are also in wide demand in medicine. This is associated with the fact that they are not toxic or carcinogenic, are easily and rapidly sterilized, are not subjected to corrosion, and do not isolate extracted products during the contact with living tissues. CF-based materials and compositions are successfully applied when fabricating endoprostheses, implants, and bandaging materials for orthopedic surgery, ophthalmic surgery, neurosurgery, and oral surgery [3] .
When using CFs as sorbents, special requirements are applied to them-high sorption ability, which is characterized by such quantities as specific surface and sorption capacity. To obtain the necessary values of these parameters, carbonized and graphitized CFs are subjected to activation, which includes the processes directed to the development of a porous structure of the material. Varying the activation conditions (temperature, time, atmosphere, and special modifier additives), we can control the total porosity of these materials and their internal structure, which is characterized by the pore size distribution [4] [5] [6] .
This study is aimed at investigating the variation of the porous structure of CFs during their activation.
EXPERIMENTAL
As the object for the investigation, we used the fiber based on hydrate cellulose (viscose) produced by the Krasnoyarsk Plant of Chemical Fibers that underwent carbonization and graphitization with the final treatment temperature of 1600°C.
The gas-phase activation of these fibers was performed at 900°C in a carbon dioxide stream. Its duration varied from 40 to 60 min. Fibers were heated to the temperature of the experiment and cooled in an argon stream. The process conditions were selected so
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that the activated CFs had a larger specific surface and retained high mechanical strength. The influence of activation modes on the specific surface of CFs is discussed in detail in [6] . The processes occurring upon oxidation of the fibers are described in detail in [6] [7] [8] [9] [10] [11] [12] [13] .
The specific surface (S sp ) and porosity (Π) of the samples were determined by low-temperature nitrogen adsorption using an ASAP 2020 device produced by Micromeritics (United States). Nitrogen adsorption-desorption isotherms were fixed in a range of relative pressures p/p s = 0.0-1.0 at 77 K. The magnitude of S sp was evaluated by the BET method starting from the adsorption isotherm at p/p s = 0.05-0.30.
The volume of mesopores and their size distribution were calculated with the help of the Barrett, Joyner, and Halenda (BJH) method at p/p s = 0.35-0.95, and the Horvath-Kawazoe method was used for micropores [8] , and these characteristics were found by the nitrogen adsorption-desorption isotherm in the range p/p s = 0.00-0.01.
The CF surface structure was investigated using a Hitachi TM-3000 scanning electron microscope (Japan).
RESULTS AND DISCUSSION
Characteristics of the porous CF structure before the activation are presented below:
Initial CF is a low-porous substance. Its adsorption-desorption isotherm is presented in Fig. 1 . It belongs to the fourth type according to the classification proposed by S. Brunauer, L. Deming, W. Deming, and E. Teller (BDDT) [14] . A slow rise of sorption is observed in the adsorption branch with an increase in p/p s , and adsorption increases abruptly in the pressure region close to the saturation pressure. The hysteresis loop points to the presence of a considerable amount of mesopores 2-50 nm in size, in which irreversible capillary condensation occurs. In the isotherm under consideration, the hysteresis loop corresponds to type B and is characteristic of materials with gap-shaped pores.
The distribution of the relative pore volume over the diameter for the initial CF is shown in Fig. 2 . We can note the presence of several maxima on the plot, which indicates the presence of several groups of pores differing in average diameter (d). Fibrils having a rather dense internal volume and a smooth surface are clearly seen in the photograph of the initial CF structure (Fig. 3) .
To investigate the influence of the activation mode on the variation in the CF structure, we selected three 8.64 um 9.37 um values of oxidation time at a constant temperature of 900°C: τ = 40, 50, and 60 min. The variation in the weight of initial samples was 27, 34, and 54%, respectively. The oxidation rate calculated by the CF weight decrement is almost identical being 1.1 × 10 -4 g/(g s). The specific surface and sorption capacity changed substantially owing to the activation of fibers (Table 1) .
During the activation at t = 850-950°C, CO 2 diffuses in CF pores, which is accompanied by the chemical interaction with carbon. The least dense (amorphous) carbon burns up first, and irregularly shaped micropores with d < 2 nm appear. They have a high ratio of the specific surface to the volume and, consequently, introduce the largest contribution to the value of measured S sp of activated fibers.
It is seen in photographs of CF after the activation (Fig. 4) how their structure changed compared with the initial one (Fig. 3) . The fibril surface becomes increasingly friable with an increase in the activation duration, and additional transport pores providing access of oxidant gas to deeper CF layers are formed. The appearing micropores, which are oriented along the fibril axes, are clearly distinguishable. They have a characteristic needle structure, and their amount sharply increases with an increase in the process time.
The nitrogen adsorption isotherm on the fibers after activation (Fig. 5) has the form characteristic of physical adsorption by microporous bodies (first type isotherm) according to the above-mentioned classification. A steep rise is observed in it at low relative pressures (lower than 0.03), as well as the presence of an almost horizontal plateau, which indicates filling of micropores with the adsorbate (nitrogen). The observed small hysteresis can indicate the partial destruction of the fiber structure during the adsorption.
Isotherms, although being attributed to the same first type, differ in the amount of adsorbed substance. Such difference can be illustrated by the values of the total volume of pores of a definite size presented in Table 2 . The total volume of pores is measured under the saturation pressure p/p s = 0.97 for nitrogen adsorption and desorption. We can note that the ratio of volumes of micropores and mesopores in the activated fiber remains almost constant, being independent of the activation time. The fraction of micropores is on average 61% of the measured total volume of pores.
Activation resulted in the change in the character of the size distribution of mesopores (Fig. 6) ; notably, their distribution maximum by diameter shifted to the region of smaller values. Figure 7 shows the initial segments of nitrogen adsorption-desorption isotherms for activated fibers. In range p/p s = 0-0.01, micropores are filled according to the specific bulk mechanism without the formation of an adsorption film on their surface.
Recently, micropores have additionally been divided into ultramicropores (d < 1 nm) and supermicropores (d = 1-2 nm). Only ultramicropores (the width of which admits the arrangement of only 2-3 N 2 molecules) are considered as "true micropores" [3, 15] . In our case, we can affirm that we are precisely dealing with ultramicropores and, consequently, we can apply the bulk filling model in subsequent calculations [12] .
The volume of micropores forming in CF during oxidation increases with an increase in the activation time. A considerable increase in the specific surface is caused by the formation of new micropores rather than by the development of already occurring ones, which is clearly illustrated in Fig. 8 . Pore diameter, Å
